University ofBristol, Bristol, BS8 I TD) Biological systems are very rarely, if ever, steady. In the respiratory system, for example, the output is oscillatory and irregular while the chemical input fluctuates not only with such acts as phonation, eating, drinking, &c., but also within each breath. Hitherto, most measurements have been made under steady state conditions, e.g. the respiratory response to inhaled CO2, and it is possible that the reluctance of workers to make more relevant measurements stems from the apparent complexity of measuring the dynamic response. This paper reviews briefly some of the methods available for doing this and gives an account of what has and can be achieved.
Methods
The simplest method of measuring the dynamic response of a system is to a step function, but this has a number of drawbacks. If the system is non-linear, the size of the step is limited, the signal-to-noise ratio will be reduced and this will be compounded if the output of the system is itself noisy, e.g. a random point process. The output signal can be improved if the input stimulus is repeated regularly, e.g. as a square or sine wave, and the process can be extended by stimulating the system in this way over a range of frequencies from which the frequency response may be obtained and plotted conventionally as log gain and phase angle versus frequency. The frequency response is to be preferred to the step response since it describes more fully the dynamic characteristics of the system and allows the performance of the system to be predicted whether or not the input is sinusoidal.
This method of obtaining the frequency response has been satisfactorily used in a number of biological systems, e.g. arterial baroreceptors (Spickler & Kezdi 1967) , mammalian muscle spindles (Matthews & Stein 1969) , and the vestibular apparatus (Melvill Jones & Milsum 1971) . These systems have in common comparatively easily handled input signals, e.g. mechanical vibration, and their output is of relatively high frequency so that a satisfactorily demodulated output signal can be obtained at each input frequency after relatively few sweeps. However, in the systems we have studiedthe respiratory system and carotid body chemoreceptor complexthe input signal is difficult to handle, being transmitted by blood, and the output is either random or irregular; the whole test may take 4-5 hours during which time it is obviously difficult to guarantee stability of the system. Further, a second measurement after some testing manceuvre is virtually precluded.
We have therefore searched for an alternative method and the most satisfactory has proved to be the application of a pseudo-random-binarysequence (PRBS) which has hitherto been used in comparatively slow systems, viz. gas chromatography (Godfrey & Devenish 1969) and industrial heat exchangers (Cummins 1965) . The sequence is pseudo-random because it repeats itself after 2N-1 clock pulses, N being the length of the generating shift register in bits. It is binary in that arterial blood from two cats having slightly different levels of Po2, Pco2 or pH is used to perfuse the carotid body of the recipient cat, the valve switching between these levels being activated by a PRBS generator. The profile of the input arterial signal is monitored with a thermocouple, the temperature of the two arterial lines being made slightly different. The output of the system is the discharge from a single chemoreceptor and this is sampled at 5K and cross-correlated with the similarly sampled input signal to yield the impulse response of the response is obtained by Fourier transform and is conventionally plotted as log gain and phase angle against frequency. The great merit of this method is that all the relevant frequencies can be tested in a relatively short time (5-7 minutes): the chemoreceptor preparation can be shown to be stable for this period and a second or subsequent measurement can be carried out as required.
Results
(1) The frequency response of the chemoreceptors shows that they respond in order of speed CO2>02>pH and this is consistent with the responses to step function. (2) Only the response to CO2 shows significant resonance, i.e. having some of the characteristics of a high pass filter, but since this occurs at a range of frequency of 0.05-0.1 Hz and since the normal respiratory frequency of the cat is 0.5 Hz, it is unlikely that the chemoreceptors significantly respond to the rate of change of Paco2 with normal breathing.
(3) The gain of the system is attenuated by approximately 10% at 0.5 Hz and with further increase in frequency it is progressively reduced. (4) Ifthe regulation of vascular smooth muscle in the carotid body is impaired either by section of the postganglionic sympathetic fibres or the close administration of papaverine, the response to 02 or CO2 is markedly reduced which indicates that the vascular component of the receptor complex, so far from imposing an hydraulic delay, is essential for the high sampling rate which is so characteristic of the chemoreceptors. The technique was slightly modified in order to study the respiratory system which in our experiments consisted of all the relevant structures between trachea and phrenic nerve. A valve activated by a PRBS generator switched between two CO2 sources, e.g. 4% and 7% CO2 in air, and these gases were then injected via a respiratory pump in lightly anxesthetized and paralysed cats into the trachea. The output of the system was the discharge from a phrenic nerve root and this was sampled and crosscorrelated with a voltage signal marking the position of the input valve to yield the impulse and frequency response of the system.
The frequency response to CO2 in a typical experiment is shown in Fig 1, from which it is clear that over the range of frequencies tested there was neither evidence of resonance nor of significant attenuation. If, however, the response was obtained after section of the sinus nerves, thus denervating the carotid body chemoreceptors, the response was clearly slower which suggests that the rapid component of the respiratory response to CO2 is mediated by the peripheral chemoreceptors. If the ventrolateral surface of the medulla was cooled to 80C, the sinus nerves being cut, the frequency response was not obviously affected. This indicates that the H+ -sensitive area which has been proposed (Loeschcke 1973) and which was inhibited by cooling is not obviously contributing to the speed of response of the medullary respiratory neurones; neither is it likely to be the unique source of chemoreceptive drive to respiration in the absence of the peripheral chemoreceptors. Finally, if the vagi were cut, with sinus nerves cut and with ventrolateral surface of the medulla rewarmed, the frequency response shifted back approximately to control indicating that some activity in the vagi, probably from pulmonary stretch receptors, was retarding the response of the respiratory neurones to CO,. All these points indicate that the speed of response of the respiratory system to CO2 is the resultant of a number of separate and occasionally competing components. We believe that it is only by measuring the frequency response of the respiratory system and its components that a quantitative analysis ofthe system can be achieved and, in consequence, sensible predictions made about how the system will respond under any given set of circumstances.
